Polycomb group (PcG) complexes PRC1 and PRC2 are well known for silencing specific developmental genes. PRC2 is a methyltransferase targeting histone H3K27 and producing H3K27me3, essential for stable silencing. Less well known but quantitatively much more important is the genome-wide role of PRC2 that dimethylates ∼70% of total H3K27. We show that H3K27me2 occurs in inverse proportion to transcriptional activity in most non-PcG target genes and intergenic regions and is governed by opposing roaming activities of PRC2 and complexes containing the H3K27 demethylase UTX. Surprisingly, loss of H3K27me2 results in global transcriptional derepression proportionally greatest in silent or weakly transcribed intergenic and genic regions and accompanied by an increase of H3K27ac and H3K4me1. H3K27me2 therefore sets a threshold that prevents random, unscheduled transcription all over the genome and even limits the activity of highly transcribed genes. PRC1-type complexes also have global roles. Unexpectedly, we find a pervasive distribution of histone H2A ubiquitylated at lysine 118 (H2AK118ub) outside of canonical PcG target regions, dependent on the RING/Sce subunit of PRC1-type complexes. We show, however, that H2AK118ub does not mediate the global PRC2 activity or the global repression and is predominantly produced by a new complex involving L(3)73Ah, a homolog of mammalian PCGF3.
[Supplemental material is available for this article.]
Polycomb group (PcG) repressive mechanisms generally involve two kinds of complexes. Polycomb repressive complex 2 (PRC2) methylates histone H3 lysine 27 (H3K27), while PRC1 or its variants can ubiquitylate histone H2A lysine 119 (lysine 118 in Drosophila). Some PRC1 complexes contain a chromodomain component, Polycomb (Pc) in Drosophila or one of several CBX proteins in mammals, that recognizes and binds to trimethylated H3K27. PRC1 and PRC2 complexes are generally bound at PcG target genes, where they establish a repressive chromatin state (for review, see Schwartz and Pirrotta 2013) . The repressive action has been variously attributed to chromatin condensation, inhibition of transcription elongation by H2Aub, interference with nucleosome remodeling or transcription initiation, blocking of H3K27 acetylation, or any combination of these, but it is not well understood in detail. Targeted silencing requires PRC1 and PRC2 complexes to be stably bound to the target genes, which are usually marked by both H2AK118/119ub and H3K27me3. In Drosophila, the binding occurs specifically at DNA sequences called Polycomb response elements (PREs), where both PRC1 and PRC2 are thought to be recruited by the combinatorial action of DNA-binding proteins (Kassis and Brown 2013) . In mammals, recent work has shown that most PcG binding occurs at CpG islands provided they are not DNA-methylated and not actively involved in transcription (Mendenhall et al. 2010; Lynch et al. 2012; Riising et al. 2014) . Recruitment at CpG islands is mediated by KDM2B, a component of a variant PRC1 complex (Farcas et al. 2012; He et al. 2013; Wu et al. 2013) . Recent work has shown that the H2AK118/119ub produced by this variant PRC1 can in turn recruit PRC2 complexes Cooper et al. 2014 ) through their associated AEBP2 and JARID2 proteins (Kalb et al. 2014) .
In addition to producing H3K27me3 at specific target genes, the PRC2 complex is also responsible for H3K27 mono-and dimethylation, whose function is not well understood. In particular, PRC2 produces a widespread and remarkably high level of H3K27me2 in flies and mammals that accounts for 45%-70% of all histone H3, while H3K27me3 constitutes 5%-10% (Peters et al. 2003; Ebert et al. 2004; Jung et al. 2010; Voigt et al. 2012; Ferrari et al. 2014) . Quantitatively, H3K27 dimethylation is therefore the major function of the PRC2 complex, but its effects have gone largely unexplored.
Previous studies of the global effects of PRC2 loss of function in embryos lacking the maternal or zygotic esc gene encoding an essential core component of PRC2 (but possessing its close functional relative escl) found that thousands of non-PcG target genes acquired paused RNA Pol II bound in their promoter region (Chopra et al. 2011) . The investigators did not consider the presence of H3K27me2 and concluded that the increased RNA Pol II binding was an indirect effect. Several studies in mammalian cells found that loss of PRC2 function affects more genes than those directly targeted by PcG complexes and H3K27me3 and attributed the broader effects to indirect consequences (Boyer et al. 2006; Bracken et al. 2006) . Recently, Ferrari et al. (2014) confirmed the abundance and broad distribution of H3K27me2 in mouse embryonic stem cells and found H3K27me1 specifically in transcribed genes. They attributed a role to H3K27me2 in preventing inappropriate enhancer activation and a positive role to H3K27me1 in productive transcription.
Here we characterize the distribution and evaluate the effects of pervasive H3K27 methylation in the Drosophila genome. H3K27me2 is found ubiquitously except in actively transcribed regions or in PcG target regions, which contain H3K27me3. We find that loss of PRC2 function results in global transcriptional activation in both genic and intergenic regions to a degree proportional to the prior level of H3K27me2. We also examine the possible role of PRC1 and related complexes in mediating this activity and in producing global distributions of histone H2A ubiquitylation. We propose a model in which antagonistic genome-wide H3K27 methylation, demethylation, and acetylation control pervasive transcription by regulating the access of transcription factors and RNA Pol II to DNA.
Results

Widespread distribution of H3K27 methylation
All three levels of H3K27 methylation in the Drosophila genome were mapped as part of the modENCODE Project in ML-DmBG3-c2 (hereafter BG3) tissue culture cells (Kharchenko et al. 2011) , and we obtained similar results for Sg4 cells ( Fig. 1A ; Supplemental  Fig. 1 ). These distributions show that H3K27me3 is strongly enriched at specific regions associated with stable PRC2 and PRC1 binding at PREs. The distribution of H3K27me2 is far broader and nearly ubiquitous with the exception of sites enriched for H3K27me3 and regions associated with transcriptional activity as indicated by the presence of RNA Pol II, H3K4me3, and H3K36me3. H3K27me2 levels at non-PcG target genes are inversely correlated with transcriptional activity ( As in mammalian cells (Ferrari et al. 2014) , actively transcribed regions are instead enriched in H3K27me1 (Fig. 1C ; Supplemental Fig. 1E ). The loss of H3K27me2 might be ascribed to faster nucleosome turnover or to the active demethylation required for effective transcription. The appearance of H3K27me1 could be accounted for in either case by partial remethylation of new nucleosomes or by incomplete demethylation. ChIP shows that UTX, the sole Drosophila H3K27 demethylase, is enriched in active transcription units ( Fig. 1D ; Supplemental Fig. 1A ). The more UTX, the higher the level of RNA Pol II and the greater the depletion of H3K27me2 in the transcription unit ( Fig. 1E,F ).
Loss of PRC2 function
To study the effects of pervasive H3K27 methylation, we used cultured cell lines carrying homozygous mutations in PcG genes, created by the procedure of Simcox et al. (2008) (see Methods). Line EZ2-2 is homozygous for E(z) 61 , a temperature-sensitive mutation that loses a large fraction of E(z) function and is embryonic lethal at 29°C (Jones and Gelbart 1990) . At 31°C, EZ2-2 cells stop proliferating within 4 d ( Fig. 2A ), but they recover when returned to 25°C. Control Ras3 cells lacking the E(z) 61 mutation continue to grow at 31°C. Figure 2B shows that both H3K27me2 and H3K27me3 decrease progressively and level off at ∼25% the normal value after 8 d at 31°C. Since the cells are not growing, this value represents the balance between demethylation, nucleosome turnover, and remethylation activity. Residual activity likely still occurs because the decrease is more drastic at 33°C. However, mas-sive cell death occurs at this temperature, and the cells do not recover when returned to permissive temperature.
Chromatin immunoprecipitation (ChIP) qPCR and genomic ChIP-seq show that at 31°C the levels of H3K27me3 at PcG target genes drop dramatically ( Fig. 2C; Supplemental Fig. 2B ). While the level of Pc protein is not affected and that of E(z) slightly reduced (Supplemental Fig. 2A ), the binding of Pc at PREs decreases to ∼50% but that of E(z) drops rapidly to background levels, indicating that the mutant protein does not bind at 31°C ( Fig. 2E,F) . Surprisingly, both qChIP and ChIP-seq results show that the level of H3K27me2 at PcG target genes increases significantly ( Fig. 2D , G). Since E(z) no longer binds, this is most likely due to partial demethylation and, possibly, to de novo dimethylation.
ChIP-qPCR analysis of several silent intergenic regions and silent genes that are not PcG targets confirmed that H3K27me2 is enriched at 25°C and is depleted at 31°C (Fig. 2C,D) . Notably, such regions also contain a low but significant level of H3K27me3. This is not due to antibody cross-reactivity because the ChIP signals for the two modifications are not correlated in non-PcG target regions and because quantitative ChIP shows that the level of H3K27me3 decreases over 10-fold at 31°C, while H3K27me2 decreases two-to fourfold. This suggests that a significant fraction of the total H3K27me3 exists outside of PcG target genes.
Loss of H3K27 methylation affects global transcription
As expected, shifting the EZ2-2 cells to 31°C caused strong derepression of PcG target genes (Fig. 3A) . More surprisingly, a considerable increase in transcriptional activity occurred also at all tested non-PcG target regions ( Fig. 3B,C) . Even genes that are essentially silent at 25°C become significantly active at 31°C. Intergenic regions generally showed a strong relative increase in the levels of steady-state transcript produced. In contrast, intergenic expression levels in a control wild-type Ras3 cell line at 31°C show no significant increase relative to 25°C.
These effects of PRC2 inactivation are not specific for the EZ2-2 cell line. In a Su(z)12 − cultured cell line carrying the lossof-function Su(z)12 4 mutation [Su(z)12-2613], the cells lack functional Su(z)12 protein and are totally devoid of H3K27me2 and H3K27me3. RT-PCR analysis shows similar transcriptional derepression in Su(z)12 4 cells, compared with the wild-type Ras line, or in wild-type S2 cells after RNAi against E(z) (Supplemental Fig. 3 ). In all cases, the loss of H3K27me2/3 is accompanied by an increase in the level and distribution of transcriptional activity and, except in the case of the Su(z)12 − cells, a decrease or arrest of cell proliferation.
To examine the broader transcriptome changes, we compared paired-end RNA-seq reads from total nonribosomal RNA of EZ2-2 cells at 25°C and 31°C, after appropriate normalization (see Methods) (Supplemental Fig. 5 ). The RNA-seq results confirm the general increase in steady-state transcript accumulation and reveal three major features: (1) The increase is genome-wide and affects intergenic regions as well as most annotated genes ( Fig. 4 ), and 79% (1264 genes) of the 1603 silent non-PcG target genes that had no RNA-seq reads at 25°C acquired RNA-seq reads at 31°C
. (2) The increase is proportionally highest in the least transcriptionally active regions, but two-to fourfold increases occur even in very active genes ( Fig. 3D) . (3) The proportional increase is highly correlated to the level of H3K27me2 at 25°C ( Fig. 2G,H; Supplemental Fig. 4C ) except in the case of PcG target genes, which have high H3K27me3 but low H3K27me2 and become strongly derepressed. The effects in intergenic regions or genes that are silent at 25°C are likely to be underestimated due to insufficient sequencing depth, as shown by the fact that in many such regions transcription could be easily detected by qPCR at 31°C, but no reads were found by RNA-seq (Supplemental Fig. 6 ). Silent or weakly transcribed regions are enriched in H3K27me2/3 (Figs. 1B, 2G), and, in general, the higher the level of H3K27me2/3 at 25°C, the greater the proportional increase in transcription at 31°C (Fig. 3E) .
These results suggest that H3K27 methylation represses transcription in a graded manner throughout the genome and that it is the cause, not the consequence, of transcriptional inactivity. They also argue against the idea that the increase in transcription is an indirect effect due to derepression of PcG target genes and production of PcG-regulated activators.
Global derepression depends on activities associated with UTX
In EZ2-2 cells, since less than one cell doubling occurs after 12 d at 31°C, a significant loss of methylation requires active demethylation. To determine the role of H3K27 demethylation in the derepression of intergenic regions at 31°C, we knocked down UTX in these cells and observed significant attenuation of the derepression ( Fig. 4A; Supplemental Fig. 6B ). All tested intergenic regions The log ratio of the expression levels at 31°C and 25°C was calculated for non-PcG targets with different expression levels and for PcG targets. For silent genes, one expression tag read was added to the number of RNA-seq tags to estimate the approximate fold-differences. The bottom and top of each box represent the first and third quartiles, and the mark inside the box is the median value. Whiskers are extended to 1.5× interquartile range. (E) Preferential transcriptional increase at H3K27me2-enriched genes. Expression fold-change between 31°C and 25°C was calculated for the non-PcG target genes with the lowest and the highest levels of H3K27me2.
showed more than a twofold decrease in transcript accumulation. This result indicates that the derepression upon E(z) inactivation is dependent on UTX function, which appears to continuously remove H3K27me2/3 throughout the genome but especially in transcribed regions. As noted above and also in mammalian cells (Ferrari et al. 2014) , the genomic distributions of H3K27me2 and H3K27me1 are inversely related, and H3K27me1 increases in direct proportion to transcriptional activity. We suppose that UTX demethylates H3K27me2 in active genes, producing H3K27me1, which is less efficiently demethylated (Lan et al. 2007; Smith et al. 2008 ).
E(z) inactivation increases transcription of most genes, including the UTX gene itself, whose transcript levels increase fivefold at 31°C. RNAi knockdown of Utx at 31°C reduces Utx RNA to the level present at 25°C (Fig. 4B) . Our results show, therefore, that the global derepression observed at 31°C depends on the autocatalytic increase in UTX: Derepression increases UTX, which demethylates more and causes more derepression.
Global increase of H3K27ac and H3K4me1
H3K27 acetylation and H3K4 monomethylation are generally associated with enhancer activation and transcription, and H3K27ac levels are well correlated with the expression levels and are negatively correlated with H3K27me2/3 (Fig. 5C ). In EZ2-2 cells shifted to 31°C, both H3K27ac and H3K4me1 increase, as determined at a panel of selected sites by quantitative ChIP-PCR (Fig.  5A,B ) and genome-wide by ChIP-seq ( Fig. 5C-E) . The increase pattern is well correlated with that of transcription: The lower the level at 25°C, the stronger the proportional increase at 31°C (Fig. 5D , E). Higher H3K27ac was found also at intergenic regions, where the level of transcription is very low, although proportionally greatly increased. While we cannot determine whether acetylation is the cause or the consequence of the transcriptional increase, the inverse relationship between H3K27 methylation and acetylation at 25°C and 31°C suggests that the two are in a dynamic antagonism: Loss of methylation provides the opportunity for acetylation.
CBP/Nej, a versatile acetyl transferase, is responsible for the acetylation of H3K27 in Drosophila (Tie et al. 2009 ). Recent studies have attributed H3K4me1 to TRR (Ardehali et al. 2011; Herz et al. 2012) , although it has also been assigned to Trithorax (Tie et al. 2014) . Significantly, CBP and TRR each form a complex containing UTX (Mohan et al. 2011; Tie et al. 2012 ), suggesting that these complexes may work in tandem demethylating H3K27 and writing H3K27ac and H3K4me1. To test whether CBP and TRR are involved in intergenic derepression, we knocked each down at 31°C and found that the derepression levels were reduced ( Fig. 4C-F;  Supplemental Fig. 6 ). The effects vary: Some intergenic regions were strongly affected by CBP RNAi but were weakly affected by TRR RNAi or vice versa, indicating that derepression in some regions is more dependent on CBP and in others on TRR.
PRC1 involvement in intergenic repression
The chromodomain of the Pc protein in the canonical PRC1 complex binds preferentially H3K27me3 but also H3K27me2 at fivefold lower affinity (Fischle et al. 2003) . Given the high levels of H3K27me2 and low but appreciable levels of H3K27me3 broadly distributed in the genome, could these attract the transient presence of PRC1, which might then be responsible for the suppression of pervasive transcription? To test this, we examined the expression level of a panel of non-PcG target regions after RNAi knockdown of PRC1 components in S2 cells ( Fig. 6F; Supplemental  Fig. 7A-D) . Depletion of Pc or RING/Sce results in significantly higher levels of intergenic transcription. A similar increase was observed in a Pc − mutant cell line and a Psc/Su(z)2 − mutant cell line compared with wild-type Ras3 cells (Supplemental Fig. 7E,F) . These results suggest that PRC1 also plays a role in intergenic repression. The RING/Sce component of PRC1 is a E3 ubiquitin ligase responsible for H2AK118 mono-ubiquitination. No RING/ Sce is detected by ChIP in the intergenic regions tested (the modENCODE Project), but a transient presence might produce H2A ubiquitylation, which has been reported to suppress transcriptional activity (Zhou et al. 2008) . In mammals, H2AK119ub has been found to recruit PRC2 Cooper et al. 2014; Kalb et al. 2014) , raising the possibility that the ubiquitous activity of a PRC1-type complex might transiently recruit PRC2 and produce ubiquitous H3K27me2.
To determine the genomic distribution of H2AK118ub, we validated a new commercial anti-H2AK119ub antibody (Cell Signaling D27C4) by Western blotting and ChIP upon RING/Sce depletion and found that it is highly specific for Drosophila H2AK118ub (Fig. 6A,B ). ChIP-qPCR results confirmed that H2AK118ub is significantly high in intergenic regions and is strongly depleted when RING/Sce is knocked down (Fig. 6B ) in S2 cells.
It has been argued that canonical PRC1 is not very active as a H2A ubiquityl transferase and that most of this activity is instead attributable, in flies as in mammals, to alternative RING/Scecontaining complexes that lack a chromodomain component (Lagarou et al. 2008; Gao et al. 2012) . We tested first whether H2AK118ub is reduced upon loss of H3K27 methylation in EZ2-2 cells. Western blot analysis shows that at 31°C, H2AK118ub decreases by ∼25% but is not affected in E(z) + Ras3 cells (Supplemental Fig. 8A,B ). Further analysis in EZ2-2 cells by ChIP-qPCR and ChIP-seq showed that the decrease in H2AK118ub at 31°C is largely attributable to a drastic drop at most PcG target genes, while other genomic regions are only mildly affected ( Fig. 6C; Supplemental  Fig. 8C) . These results argue that if canonical PRC1 is recruited by ubiquitous H3K27me2/3, it accounts for only a small fraction of global H2AK118ub, most of which must be attributed instead to variant RING/Sce-containing complexes.
RING ubiquityl transferase activity requires a heterodimer of RING and a RING domain-containing partner such as Psc or Su(z)2 in flies or PCGF proteins in mammals. However, a Pc − cell line (PC1) and a Psc/Su(z)2 − cell line (Psc4-1) (Kahn et al. 2014 ) both retain >60% of the wild-type H2AK118ub level (Supplemental Fig.  8D,E) , which is therefore not attributable to either canonical PRC1 or dRAF/KDM2 complexes, both of which contain Psc or Su(z)2. If deletion of Psc and Su(z)2 genes leaves 60% of the H2AK118ub, what might be the alternative RING/Sce partner? The Drosophila genome contains l(3)73Ah, a gene homologous to the RING domain region of Psc and Su(z)2 (Irminger-Finger and Nöthiger 1995) but with the strongest homology to mammalian PCGF3. Knockdown of l(3)73Ah in S2 cells shows that it is responsible for ∼70% of the total H2AK118ub ( Fig. 6E;  Supplemental Fig. 8F ) and therefore that complexes containing this protein are major contributors to H2AK118 ubiquitylation.
Genomic distribution of H2AK118ub
The genomic distribution of H2AK118ub underscores that at least in Drosophila, the role of this modification is far from clear. H2AK118ub is surprisingly widespread, often in correspondence with peaks of H3K27me2/3 with or without PRC1 components ( Fig. 6G; Supplemental Fig. 9 ). In addition, although many PcG target genes contain important peaks of H2AK118ub corresponding to binding of both PRC1 and PRC2, others, including some of the best-known PcG targets such as the entire bithorax complex and the Antp gene, lack appreciable H2AK118ub. We conclude that while H2AK118ub may contribute to PRC2 recruitment, as was recently proposed Cooper et al. 2014; Kalb et al. 2014) , it is neither essential nor sufficient. In particular, RING/Sce knockdown experiments show that while H2AK118ub is efficiently depleted, the level of H3K27me2 is only slightly decreased (Fig. 6B,D) , indicating that RING/Sce complexes are not directly involved in the pervasive H3K27 dimethylation. 
Discussion
In Drosophila, as in mammalian cells, H3K27 methylation is highly abundant and nearly ubiquitous. While H3K27me2 is the predominant and broadly distributed form, our results show that in most regions, it is accompanied by a low level of H3K27me3 (Figs. 2C, 6G ) that makes a significant contribution to the total H3K27me3, unrelated to classical PcG target genes. H3K27me2 is enriched wherever transcriptional activity is low, both in genes and in intergenic regions, but as mass spectrometry/SILAC studies show Alabert et al. 2015) , it is converted to H3K27me3 at PcG target sites. In transcribed regions, loss of H3K27me2/3 may be caused in part by nucleosome eviction but is, in large part, attributable to the action of the UTX demethylase, which accumulates as a function of transcriptional activity. Loss of H3K27 methylation at 31°C in EZ2-2 cells or by E(z) RNAi in wild-type cells slows down or arrests cell proliferation, but this was not seen in the Su(z)12 − cell line. A proliferation defect in the absence of E(z) function in Drosophila was also reported by Beuchle et al. (2001) , and PRC2 function is required for growth in differentiated mammalian cells (Bracken et al. 2003; Pasini et al. 2004 ) but not in undifferentiated or embryonic stem cells (Montgomery et al. 2005; Pasini et al. 2007 ). In the EZ2-2 cells, the proliferation deficit upon loss of PRC2 function means that significant changes in the methylation pattern can only be achieved by demethylation or by nucleosome turnover. Since loss of methylation occurs also in regions where transcription remains very low in absolute terms, we conclude that it is due to active demethylation, and knockdown of Utx shows that it is a key factor in derepression, affecting both genic and intergenic transcription. The fact that demethylation occurs in regions that have little or no transcription implies that UTX normally scans the genome in constant antagonism with PRC2, e.g., by a genome-wide hitand-run mechanism.
Loss of H3K27 methylation causes global transcriptional derepression
Loss of H3K27 methylation, whether by temperature shift in the EZ2-2 cell line, by E(z) RNAi in wild-type cells, or by a null mutation in the Su(z)12 4 cell line, causes a genome-wide increase in transcriptional activity not only at PcG target genes but also in most other genes and intergenic regions, whether previously active or silent. Overall, the increase in transcription is proportional to the normal levels of H3K27me2/3, which themselves are inversely related to The increase in H3K27ac and H3K4me1 levels after E(z) inactivation is negatively correlated with those levels at 25°C. The ratio of levels at 31°C and 25°C was calculated for non-PcG target genes with different levels at 25°C. normal transcription levels. The changes are therefore proportionally greatest in weakly transcribed or silent regions, although even very active genes increase in transcription two-to fourfold. Much of this transcription appears to be opportunistic, arising at any site transiently accessible to RNA polymerase. This activity is likely to be underestimated since such unscheduled transcripts are targets for degradation by surveillance mechanisms and nonsense-mediated decay (Isken and Maquat 2007) .
One obvious way in which H3K27 methylation could inhibit transcriptional activity is by preventing H3K27 acetylation, which, together with H3K4me1, is associated with enhancer activation and active promoter regions. A dynamic antagonism between H3K27 methylation and H3K27 acetylation and H3K4 methylation at the PcG target sites has been proposed by Tie et al. (2009) and Pasini et al. (2010) . Our results show that loss of H3K27 methylation is accompanied by a genome-wide increase of H3K27ac and H3K4me1 correlated with the levels of genomewide derepression (Fig. 5 ). RNAi knockdown experiments show that CBP and TRR contribute to transcriptional derepression but to various extents, depending on the site tested. How H3K27ac and H3K4me1 are mechanistically connected is still not well understood, but both CBP and TRR complexes are reported to include UTX (Mohan et al. 2011; Tie et al. 2012) , which is associated with active transcription (Smith et al. 2008) . In vitro, mammalian and fly UTX demethylases act preferentially on H3K27me2/3 (Lan et al. 2007; Smith et al. 2008) . In fact, loss of H3K27me2 in active genes is accompanied by gain in H3K27me1 (Fig. 1B,C) , but some de novo monomethylation cannot be excluded (Ferrari et al. 2014) . We propose that both UTX-containing complexes contribute to global H3K27 demethylation in a constant, ubiquitous, and dynamic antagonism with PRC2-dependent methylation. This evidence strongly suggests that H3K27 methylation interferes with transcriptional activity and must be removed at active genes. We conclude that ubiquitous H3K27 methylation moderates transcription at active genes, helps prevent spurious transcription of inactive genes, and suppresses low but pervasive transcription of intergenic regions.
Involvement of PRC1 complexes in global repression
Increased expression of non-PcG target upon loss of PRC2 function genes has been reported before and attributed to indirect effects (Chopra et al. 2011; Ferrari et al. 2014) . There are two possible ways, one indirect and one direct, in which PRC1 complexes might contribute to global H3K27me-dependent transcriptional repression. The indirect argument proposes that, since PcG target genes are enriched for transcription factors, their derepression might produce a flood of activators whose specific and nonspecific effects might account for the global increase in transcription. Our experiments cannot exclude this interpretation, particularly since we find that loss of PRC1 components also produces increases in transcription of intergenic regions. However, we note that total loss of Pc or of Psc/Su(z)2 in the mutant cell lines or RNAi knockdown of Pc or RING/Sce always have weaker effects than PRC2 inactivation. Transcription factors do not account for the strong correlation between derepression and the level of H3K27me2/3. Derepression by activators would be expected to have particularly strong effects at genes that are the normal targets of such activators and much weaker and uneven effects at other sites. Furthermore, this explanation ignores the role of UTX in transcription initiation and elongation.
The second, more direct possible involvement of canonical PRC1 is by transient binding to ubiquitous H3K27me2/3 through the Pc chromodomain. Transient PRC1 complexes might interfere with transcription in some poorly understood way, possibly involving ubiquitylation of histone H2A (Zhou et al. 2008) . Our results show that PRC1 components Pc, RING/Sce, and Psc/Su(z)2 do have a general effect that is similar to but weaker than that of H3K27 methylation on intergenic transcription. However, this is unlikely to be mediated by H2AK119 ubiquitylation. The strongest transcriptional derepression was observed in the EZ2-2 line at 31°C, but at this temperature, the H2AK118ub level is only very slightly reduced, except at PcG target genes. Conversely, knockdown of RING/Sce has a drastic effect on H2AK118ub levels everywhere but has very little effect on H3K27me2 levels. That H2AK118ub or transient PRC1 recruitment might be responsible for the transcriptional repression we observe seems unlikely considering that in EZ2-2 cells at 31°C or in Su(z)12 − cells, where PRC1 binding and H2AK118ub at PcG target genes are only mildly reduced, these target genes are nevertheless strongly derepressed.
In flies and mammals, canonical PRC1 complexes are reported to have little H2AK119/118 ubiquitylating activity, which in flies is attributed instead to the dRAF/KDM2 complex (Lagarou et al. 2008) and to a range of variant PRC1 complexes lacking a chromodomain in mammals (Gao et al. 2012) . RING/Sce and Psc/Su(z)2 are components of both canonical PRC1 and dRAF/ KDM2 complexes (Lagarou et al. 2008) . We find that loss of Pc or Psc/Su(z)2 decreases total H2AK118ub by 30%-40%, while ∼70% is attributable to L(3)73Ah, a homolog of mammalian PCGF3. H2AK118ub is therefore produced by at least two different kinds of RING/Sce-containing complexes, one including Psc/Su(z)2 and one L(3)73Ah. However, RNAi knockdown of l(3)73Ah has little or no effect on intergenic transcription ( Fig. 6F; Supplemental Fig. 7G ). In sum, our results suggest that both canonical PRC1 and H3K27 methylation may play a role in ubiquitous repression, whether independently or linked by the recruitment of PRC1 through the Pc chromodomain. Unfortunately, the unresponsiveness of the Su(z)12 4− and the Psc/Su(z)2 − cell lines to RNAi treatments prevented us from assessing the relationship between the two.
H2AK118ub and PRC2 recruitment
The global distribution of H2AK118ub raises many new questions about its role in PcG recruitment and repression that are beyond the scope of this article. Here we note that while many PcG-binding regions and H3K27me3 domains correspond to high peaks of H2AK118ub, some of the most prominent PcG targets, such as the Antp gene and the bithorax complex, are devoid of H2AK118ub. The Calypso deubiquitylase is likely responsible for removing H2AK118ub, which in some way interferes with effective repression at these loci (Scheuermann et al. 2010) . At these genes, at least, PRC2 recruitment does not require H2AK118ub. In contrast, H2AK118ub is widely distributed in the genome in silent genes and intergenic regions, a pattern similar to that of H3K27me2, but is not accompanied by stable binding of either RING/Sce or E(z). Recent work in mammalian cells has suggested that H2AK119ub is responsible for the recruitment of PRC2 to CpG islands. Our results show that, at least in Drosophila, H2AK118ub does not lead to stable binding of PRC2, although it may help in attracting it transiently. RING/Sce knockdown, while very efficiently depleting H2AK118ub, has only a slight effect on (Fig. 6D) , indicating that it is not the main driver of global H3K27 dimethylation. However, in the fly, L(3)73Ah function is essential for viability, probably because, together with H3K27me2, it provides the initial substrate for the recruitment of PcG repression at specific target genes.
Methods
Cell lines and RNAi
Cultured cell lines bearing E(z) 61 , Pc 3 , Def(2R)Su(z)2-1.b8, or Su(z)12 4 PcG mutations were established by the procedure of Simcox et al. (2008) from embryos carrying those mutations in the presence of a transgene expressing a constitutively active form of Ras, Ras V12 . These cell lines, as well as Schneider S2 cells and its clonal derivative Sg4, were grown at 25°C. For the EZ2-2 temperature-sensitive cell line, E(z) activity was inactivated by shifting to 31°C for 12 or 24 d. RNAi treatments were done according to the method described by Schwartz et al. (2010) with three consecutive treatments with corresponding dsRNA with growth for 4 d between treatments. For the knockdown experiments in the EZ2-2 cell line, one pretreatment with dsRNA was done 4 d before the temperature shift.
Chromatin immunoprecipitation
ChIP was carried out according to the method described by Schwartz et al. (2006) . Crosslinking was done with 1.8% formaldehyde for 10 min, stopped with glycine to a final concentration of 0.125 M, and washed with PBS and with ChIP wash buffer. Sonication was done in TE buffer (10 mM Tris-HCl; 1 mM EDTA at pH 8.0) with 0.1% SDS in a bioruptor (Diagenode) at high power 30 sec on/off 5 × 5 min in ice water. The lysate was adjusted to RIPA buffer, and immunoprecipitation was done overnight at 4°C with the antibodies listed in the Supplemental Methods. The complexes were recovered with Protein A-Sepharose beads (Sigma) for 3 h at 4°C; washed five times with RIPA, once with 1 ml LiCl buffer (250 mM LiCl, 10 mM Tris-HCl at pH 8.0, 1 mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate), and twice with TE; and treated with RNase A 50 mg/mL. DNA eluted from the beads was analyzed by qPCR, hybridization to Drosophila Tiling 1.0R microarrays (Affymetrix), or high-throughput sequencing (Illumina HiSeq). The genomic data on BG3 cells were taken from the modENCODE Project (Kharchenko et al. 2011 ).
Transcriptome analysis
Total RNA and DNA were isolated from the same cell samples. The DNA was used to normalize the relative cell number in different samples by qPCR. Reverse transcription was performed with 1 µg of total RNA using the first-strand cDNA synthesis kit with random hexamers (0.2 µg per reaction) according to the manufacturer's instructions (GE Healthcare). All primer sequences used are given in Supplemental Table S1 . For whole-transcriptome analysis, total RNA was depleted of ribosomal sequences with the RiboZero kit (Epicentre), and sequencing libraries were generated with the ovation RNA-seq system V2 kit or encore complete RNA-seq library system (NuGEN) and paired-end sequencing with Illumina HiSeq. For more details, see the Supplemental Methods.
Sequence data processing and analysis
ChIP-seq reads were mapped to the Drosophila genome (FlyBase 5.22) using Bowtie (Langmead et al. 2009 ), and RNA-seq reads were mapped by GeneSifter (www.genesifter.net). For comparisons between samples and experiments, data were normalized accord-ing to ChIP-qPCR or RT-qPCR assays using at least five regions. The RNA-seq data were also normalized using four spike-in standards (single-stranded RNAs made from lambda DNA) added before library construction. The two sets of normalization factors were in good agreement (Supplemental Fig. 5 ). Sequence data processing is described in detail in the Supplemental Methods.
